Context. The Hercules-Lyra association, a purported nearby young moving group, contains a few tens of zero age main sequence stars of spectral types F to M . The existence and the properties of the Her-Lyr association are controversial and discussed in the literature. Aims. The present work reassesses the properties and the member list of the Her-Lyr association based on kinematics and age indicators. Many objects form multiple systems or have low-mass companions and so we need to properly account for multiplicity. Methods. We use our own new imaging observations and archival data to identify multiple systems. The colors and magnitudes of kinematic candidates are compared to isochrones. We derive further information on the age based on Li depletion, rotation, and coronal and chromospheric activity. A set of canonical members is identified to infer mean properties. Membership criteria are derived from the mean properties and used to discard non-members. Results. The candidates selected from the literature belong to 35 stellar systems, 42.9 % of which are multiple. Four multiple systems (V538 Aur, DX Leo, V382 Ser, and HH Leo) are confirmed in this work by common proper motion. An orbital solution is presented for the binary system which forms a hierarchical triple with HH Leo. Indeed, a group of candidates displays signatures of youth. Seven canonical members are identified The distribution of Li equivalent widths of canonical Her-Lyr members is spread widely and is similar to that of the Pleiades and the UMa group. Gyrochronology gives an age of 257 ± 46 Myr which is roughly in between the ages of the Pleiades and the Ursa Major group. The measures of chromospheric and coronal activity support the young age. Four membership criteria are presented based on kinematics, lithium equivalent width, chromospheric activity, and gyrochronological age. In total, eleven stars are identified as certain members including co-moving objects plus additional 23 possible members while 14 candidates are doubtful or can be rejected. A comparison to the mass function (MF), however, indicates the presence of a large number of additional low-mass members, which remain unidentified. Conclusions.
Introduction
The Hercules-Lyra (Her-Lyr) association is one of the closest young moving groups (MGs). The members of moving groups, also called stellar kinematic groups, are identified by similar space motion. In many cases, common space motion is related to spatial clustering, for example in the well-known cases of the Hyades and Ursa Major (UMa, or Sirius) moving groups and the eponymous open clusters. The discovery of additional distant and co-moving stars also led to the concept of super- clusters (Eggen 1994 ). The third large nearby group next to the Hyades and UMa groups is the local association (LA) that is associated with the Pleiades. Its members are young with a wide range of ages of 100 Myr and younger. In contrast to the Hyades and UMa, the LA clearly lacks aspects of spatial coherence and embeds clusters and associations like α Per, IC 2602, and ScoCen (Montes et al. 2001; . In the past decade, many nearby young moving groups have been identified with ages below 100 Myr Torres et al. 2008) . They are located at average distances of about 30 pc and beyond (Torres et al. 2008) .
At even closer distances, young stars similar to members of the LA and the Pleiades were noticed earlier (Young et al. 1987; Soderblom & Clements 1987) , while it was not before Gaidos (1998) that these stars were considered a close moving group. This group was previously unnoticed because of the lack of bright stars unlike the UMa group, and because of its spatial scatter due to its proximity (Fuhrmann 2004) . In more detail, Gaidos (1998) searched the Hipparcos catalog for young solar analogues within 25 pc of the Sun. He noticed two distinct groups in kinematic space, one of which was identified with the UMa group. Another group of five stars, V439 And, DX Leo, MN UMa, HN Peg, and NQ UMa, displays kinematics similar, but not equal, to the LA with the radiant being located in the constellation Hercules (Fig. 1) .
In his volume-complete study of northern G-and K-type stars in the solar neighborhood within 25 pc, Fuhrmann (2004) detected a concentration of stars with higher rotation rates typical of stellar youth coinciding in UV space with the Hercules moving group identified by Gaidos (1998) . Depending on the details of the selection of up to 15 candidates, the radiant may also be located in the constellation Lyra, thus the name Her-Lyr association (Fuhrmann 2004 ). The equivalent widths of the Hα and lithium lines of many of these stars resemble those of UMa group members for which Fuhrmann (2004) gives an age of approximately 200 Myr.
While Fuhrmann (2004) founded the very existence of the group on the statistically enhanced concentration in kinematical space, López-Santiago et al. (2006) gave additional quantitative criteria for Her-Lyr membership. From the sample of Montes et al. (2001) of late-type members of young stellar kinematic groups, they constructed an initial sample adding twelve stars to Fuhrmann's sample. A velocity criterion was derived taking the average UV velocity of Fuhrmann's sample and adopting the dispersion of 6 km s −1 of the Castor moving group as the tolerance limit. In addition, the lithium equivalent width and the position in the color-magnitude diagram were required to be compatible with a young age of 200 Myr. Maldonado et al. (2010) also investigate the properties of young nearby stars and put the young nearby MGs into context, noticing that ". . . the young MGs (8-50 Myr) are probably the most immediate dissipation products of the youngest associations." In their conclusion they find that ". . . All previously proposed members of AB Dor or Her-Lyr fall into our classification of probable LA members, . . . ". The Her-Lyr group might therefore be a sub-group of the LA or even indistinguishable from it.
The aim of this article, however, is not to discuss the very existence of the moving group. Its emergence in the UV-plane as a concentration of fast rotating young stars was well established by Fuhrmann (2004) . In Fig. 1 all Her-Lyr candidates discussed in this paper are displayed along with their proper motion in a Hammer-Aitoff projection. The radiant coincides with the constellations Hercules and Lyra. No kinematic candidates are located close to the radiant or the point of convergence. Any kinematic candidates in these areas would have small, if not negligible, proper motion and a value of radial velocity which is close to the total space motion of the Her-Lyr association. Therefore, the lack of detections in these regions of the sky does not necessarily mean a real lack of Her-Lyr candidates but may instead reflect the presence of an observational selection effect. The HerLyr association in this area will have very small proper motions, moving mainly in the radial directions and may not be identified in the initial kinematic sample.
In the present work we want to establish the mean properties of, as well as a refined member list of, the Her-Lyr association. In addition to the tools used by Fuhrmann (2004) and López-Santiago et al. (2006) we investigate the multiplicity of the HerLyr candidates in Sect. 3, revealing the low-mass membership candidates, typically well-known sources that are visually resolved because of the proximity of the parent stars. Finding latetype companions to the stars may indeed give better constraints on ages derived via isochrone-fitting (Sect. 4) as late-type stars arrive on the main sequence later.
The assessment of an age has been unsure in the past as it is based on a few stars only, assuming similarity to the UMa group and adopting its age estimate (Fuhrmann 2004) . In addition to the study of the lithium equivalent width (Sect. 5.1) we use gy-rochronology (Barnes 2007 (Barnes , 2009 Mamajek 2009) in Sect. 5.2 as a tool to investigate the age of the membership candidates. In addition we analyze the chromospheric activity index (R ′ HK ) in Sect. 5.3 and the coronal activity (X-ray luminosity) in Sect. 5.4 .
Another open question is the rather arbitrary adoption of the Castor velocity dispersion for the kinematic criterion given by López-Santiago et al. (2006) . Interestingly the dispersion of their final sample is lower.
To define the properties and the list of members a new approach is followed in Sect. 6 in order to avoid any assumptions or selection effects, starting from the concentration of rapid rotators in the volume-complete work of Fuhrmann (2004) . The youth indicators of these stars will be studied as a whole, i.e., the distribution in lithium equivalent width and (gyrochronological) age. If a young Her-Lyr association exists as its own entity, a group of young stars will stand out in all of the properties studied, even if intrinsic variations might be present. It is assumed that this group of stars is composed of the canonical members which define the overall properties of the Her-Lyr association. In Sect. 7 individual interesting stars among the Her-Lyr candidates are addressed with emphasis given on multiplicity.
Based on this information we present and discuss an updated list of Her-Lyr members and non-members in Sect. 8. We evaluate the mass function of the membership candidates before we conclude in Sect. 9.
Definition of the Sample
We started with the Her-Lyr candidates defined by Fuhrmann (2004) , with the four stars of the Hercules moving group (Gaidos 1998 ) already included. We added new candidates introduced by López-Santiago et al. (2006) and Fuhrmann (2008) . We never removed a candidate beforehand, even if it was later rejected for some reason. Also we did not add candidates, which had been previously excluded within the same study in which they where considered as candidates for the first time. In particular we did not include objects, classified as members of the LA if they had never been taken into account as Her-Lyr candidates before. Our multiplicity study, which is described in detail in the following section, increased the number of candidates again, but did not increase the number of stellar systems. Most of these companions had been discovered previously. An intense study of the literature brought up additional candidates, including spectroscopic and sub-stellar companions.
Multiplicity
Our multiplicity study focuses on archival work and the search for common proper motion pairs. Using archived surveys along with state-of-the-art follow-up observations enables the combination of different data sources (Caballero et al. 2010; AlonsoFloriano et al. 2011) , offers a way for accurate indirect determinations of quantities like parallax (Gould & Chanamé 2004) or the evolutionary status (Makarov et al. 2008) , and provides a starting point for extended surveys (like the Palomar/Keck survey of Metchev & Hillenbrand 2009) , as well as extreme findings (like the wide ultra-cool binary by Caballero 2007) .
Within our ongoing multiplicity study and based on the Fuhrmann (2004) and López-Santiago et al. (2006) sample we initiated an archival search for faint companions. Given that most of the Her-Lyr candidates are within 25 pc of the Sun and hence bright, we can use archival data, for example, the Two Micron All Sky Survey (2MASS) (Cutri et al. 2003 ).
Furthermore, we used Schmidt plates from the Palomar and ESO sky surveys, scanned by the SuperCOSMOS machine (Hambly et al. 1998) , providing best available astrometric accuracy. We found co-moving objects for six nearby stars: V538 Aur, DX Leo, HH Leo, HIP 63317, LTT14623, and V382Ser. Each one of the companions except for one were known already, so we published the new one in Eisenbeiss et al. (2007) . This section gives an overview of the multiple systems among the Her-Lyr stars included in this ongoing study.
The analysis follows the procedures outlined in Eisenbeiss et al. (2007) . Taking the scanned Schmidt plates as first epoch and 2MASS as the last, we identify wide stellar binaries among Her-Lyr members as common proper motion pairs. Calibration and uncertainties are derived in a statistical way using the (nonmoving) background stars in the stellar field observed. If the Her-Lyr star is saturated in the Schmidt plates, the diffraction spikes are used to determine an accurate position measurement. Because of the large epoch differences, the proper motions derived have uncertainties of only ∼ 5 mas/yr. Considering the large proper motion of the nearby Her-Lyr stars and possible companions, this uncertainty corresponds to a relative error of a few percentage points. Most of the companions we found were already known before but were not taken into consideration by former studies of the Her-Lyr association.
For some stars we took additional data to look for closer and fainter companions. The search for common proper motion pairs in the archives is supplemented by own new observations. We observed with either VLT/NaCo (Lenzen et al. 2003; Rousset et al. 2003) or Calar Alto 3.5m/ALFA (or Omega-Cass, Lenzen et al. 1998; Kasper et al. 2000) isolated young nearby stars (with an age of up to some 100 Myr and a distance of up to some 100 pc) in order to detect possible sub-stellar companions.
Naos-Conica is the adaptive optics imager and spectrograph installed at the Nasmyth B focus of UT4 (Yepun) at ESO's Paranal observatory in Chile. The adaptive optics Naos contains a tip-tilt mirror, as well as a deformable mirror with 185 actuators. The infrared Conica camera is equipped with an Aladdin 3 InSb infrared detector (1024 × 1024 pixel each with a size of 27×27 µ m). The Naco data presented here (Table 1) , were taken with Naos's visible wavefront sensor (VIS) using its 14 × 14 lenslet array together with Conica, operated in the HighDynamic mode, using its S13 optics (pixel scale of about 13 mas/pixel).
Omega-Cass is an infrared camera, which was operated at the Cassegrain focus of the 3.5 m telescope at the Calar Alto observatory in Spain. The camera is equipped with a Rockwell HAWAII HgCdTe infrared detector (1024×1024 pixel, each with a size of 18.5 × 18.5 µm) operated in the non-destructive readout mode. Omega-Cass could be used either as seeing limited infrared imager or together (as done here) with the adaptive optics Alfa for diffraction limited imaging at the CAHA/3.5m. Alfa is equipped with a tip-tilt mirror, a deformable mirror with 97 actuators, and a visible wavefront sensor. We obtained images of HN Peg and HH Leo with Omega-Cass together with Alfa in the jitter-mode.
Some results have been reported elsewhere (e.g. Neuhäuser et al. 2005) . Here, we present the results on possible Her-Lyr members, see Table 1 . Section 7 includes notes on all multiple Her-Lyr candidates with references. Figure 2 shows three examples, V538 Aur ( = HD 37394), DX Leo ( = HD 82443), and V382 Ser ( = HD 141272) and their companions (indicated by the letter B). The images were obtained using the Calar Alto 3.5 m telescope and the near-infrared imager Ω-Cass (Lenzen et al. 1998) . Two more objects are discussed in detail in the following subsections. These data were reduced using ESO Eclipse Notes. Position angle measured from north over east. (Devillard 2001) and calibrated using background stars in the field (not visible in Fig. 2 because of the cut levels and the small section of the images shown), listed in the 2MASS catalog. In the worst case, we had five reference stars in the field, still sufficient if field distortion, skew, and other non-linear effects are neglected. The reader is referred to Eisenbeiss et al. (2007) for further details. We give the observations log in Table 1 . In Table  2 we give the separation and the position angle with respect to the primaries. The binary status of V382 Ser was already published in Eisenbeiss et al. (2007) . Because of saturation effects the binary was barely resolved on Schmidt-plates. We succeeded using the Source extractor (Bertin & Arnouts 1996) and confirmed our results with follow-up observations. Furthermore, a multiplicity study of nearby stars has been carried out by Raghavan et al. (2010) . Nevertheless, the HerLyr association was not addressed in particular. Combining the results with the present work, the multiplicity census of the HerLyr candidates within 25 pc should be complete (see Raghavan et al. 2010, Sect. 2.2 and 5.2 for details) 1 .
1 Raghavan et al. (2010) combine a large variety of datasets, including data from high angular resolution imaging and high precision spectroscopy. They detected all companions into the planetary regime at all realistic separations. 
ALFA observation of HN Peg A & B
The HN Peg system was observed on 2002 December 23 in the H-band at the 3.5 m telescope of the Calar Alto observatory in Spain using the adaptive optics system ALFA (Kasper et al. 2000) in combination with the near-IR imager Ω-Cass (Table 1 ). The bright primary HN Peg A served as natural AO guide star.
We used the shortest possible individual integration time of Ω-Cass (0.842 s) to suppress saturation effects of the IR-detector due to the bright primary star in the observed field of view. Forty-nine of these short exposures were averaged to one image and 24 of these frames were then taken at different telescope positions in jitter-mode for proper sky-background subtraction, which yields 16.5 min of total integration time on target. For flatfielding, skyflats were taken in the evening and morning twilights. All frames were background-subtracted, flatfielded, and averaged to the image shown in Fig. 3 , using the data reduction package Eclipse (Devillard 2001 ). The faint sub-stellar companion HN Peg B is detected at the western border of our ALFA image. The same object was detected by Luhman et al. (2007) in 2006 June, so our 2002 image is a 2nd pre-discovery after 2MASS. Relative astrometry, based on the calibration published in Mugrauer et al. (2004) , is summarized in Table 2 . 
ALFA and NaCo observations of HH Leo A & BC
We observed HH Leo (HD 96064) in 2002 December 23 with Ω-Cass and the adaptive optics system ALFA on Calar Alto. We used the shortest possible DIT of 0.842 s and 49 integrations were averaged to one frame per jitter position. We took images at 20 jitter positions, i.e., total integration times of 13.8 min. The data were reduced in a standard way and calibrated using the calibration provided in Mugrauer et al. (2004) . We resolved the binary companion ∼ 11 ′′ to the southwest of HH Leo (Fig. 4) . Both, B and C, are listed in SIMBAD as objects LTT 4076 and BD-033040C, respectively. It is an equal mass binary orbiting HH Leo A. However, the objects are typically not resolved in most photometric catalogs. Since the information found for this system is often part of a compilation of huge data sets, it is unlikely that the multiplicity of tight systems was treated correctly. In that sense, the magnitudes and colors given for both objects in the literature have to be used with care.
Within our direct imaging campaign of sub-stellar companions, we observed HH Leo again with VLT/NaCo (Lenzen et al. 2003; Rousset et al. 2003) epoch 27 frames, and in the 2nd epoch 15 frames are taken at different jitter positions, which results in total integration times of 31.2 min and 17.4 min, respectively. We calibrated the NaCo data with the well-known binaries AB Dor and HIP 73357, respectively. Data reduction was done with ESO Eclipse. The resulting separation and position angle of the equal-mass binary system is shown in Table 3 and orbital motion is visible in Fig. 4 . Realizing that we could determine the orbit more precisely, we searched the literature and found six speckle interferometry measurements from 1989 to 1999, see Hartkopf et al. (1993 Hartkopf et al. ( , 2000 , Horch et al. (2002) , and Table 3 . Together with our observations, this is almost a full orbit which is suspected to be ∼ 23 years. Because of the similar brightness of both objects, the B and C components were not commonly defined in the literature. We therefore adopt a correction to the position angle of 180
• where necessary.
Using this dataset of nine observations (18 constraints: nine separations and nine position angles), we fit the orbit of HH Leo B & C (see Fig. 5 ) by using an error weighted χ 2 minimization using the SciPy package (Jones et al. 2001 ). The χ 2 is calculated as
where O i are the measured values, C i the model values, and σ i the measurement errors. The distance of the system was fixed to 26.27 pc, taken from van Leeuwen (2007) . Although HH Leo is a hierarchical triple star, the influence of the A component can be neglected and HH Leo B & C can be treated as a binary system. The achieved orbital parameters of the HH Leo B & C system are listed in Table 4 together with their 1σ -and 3σ -uncertainties which are determined by varying the fit parameters (see Press 2007 , for further details).
With seven orbital parameters to fit, there are ten degrees of freedom in total. The achieved reduced χ 2 of the best orbital fit is 22.63 which is quite large and also obvious in view of the large residuals of the separation and position angle measurements (see Fig. 5 ). Assuming that no systematic effects affected the measurements, there are two possible explanations for residuals that large.
First, the errors of the speckle interferometry measurements could be underestimated because Hartkopf et al. (1993 Hartkopf et al. ( , 2000 published no more than the typical errors for each telescope of the observation program (see Hartkopf et al. 2000 , Table 3 ), but not the measurement errors for a specific target system itself. Horch et al. (2002) also published average errors for their observation campaign. The second possibility is the presence of an unseen astrometric companion in the HH Leo B & C system. However, attempts to fit a model of a binary plus an astrometric companion around one of the stellar components did not result in smaller residuals. In fact, the χ 2 red increases, especially because of the reduced degree of freedom. Hence, the existence of an unseen astrometric companion could neither be confirmed nor ruled out with the present data of nine observations. Additional observations are needed. The values and errors in Table 4 are based on the assumption that the real system can be described by a binary model.
In the 2MASS catalog, K s magnitudes of 5.801 ± 0.021 mag and 6.416±0.016 mag are given for the A and the unresolved BC component, respectively. We measured the instrumental magnitude of the A component in our NaCo images to determine the zero point with an aperture radius of 27 pixels. Then, we mea- Notes. The listed uncertainties are determined according to Press (2007) .
sured the B and C component individually with a smaller aperture of 18 pixels. In addition, both B and C were measured within a single, larger aperture of 55 pixels. The apparent magnitudes of B, C, and the combined magnitude of BC are derived by aperture photometry relative to the well-known A component. Using the parallax of A, we get the absolute magnitude M K s . This measurement indicates that both objects are nearly similar in brightness and may also have a similar spectral type. Although this assumption cannot be proven directly, we can now compare our dynamically determined mass to evolutionary models. As in Sect. 4, we use the models by Baraffe et al. (1998) and Yi et al. (2001) for this comparison. Additional photometric information is taken from the 2MASS catalog. We utilized our measurement of the absolute K s magnitude and the 2MASS J − K color and ran a Monte Carlo simulation of 1 million runs for each model to find the most probable mass and age. The result is shown in Fig. 6 . For comparison, the total dynamical mass divided by two and the gyrochronological age (see Sect. 5.2) is shown as a data point. Figure 6 shows that both models estimate the mass of the object to be approximately 0.6 M ⊙ which is below but approximately in agreement with half the dynamical total mass of the system. The maximum probability isochronic age however is 40-50 Myr in disagreement with the gyrochronological age of ≈ 300 Myr. However, the age is not very well constrained by the models.
The photometric measurements are given along with the model based spectral types and masses (Baraffe et al. 1998) in Table 5 . It turns out that the total mass of B+C is higher than the mass of component A.
Summary of all Her-Lyr candidates
After collecting all candidates from the literature and performing the multiplicity study, as many as 48 visually resolved Her- ) and evolutionary models by Baraffe et al. (1998) and Yi et al. (2001) . Large probabilities are shown in dark colors and low probabilities are shown in light colors. The color bar on the right show the encoded probability. For the highest probability, the age and the mass are given in the corresponding subfigures. The datapoint shows the dynamical mass of HH Leo B+C, divided by 2, and the gyrochronological age of HH Leo for comparison. Notes. The 2MASS catalog serves as a calibration source. The masses are photometric (Baraffe et al. 1998 ).
Lyr candidates are taken into account in this analysis. In addition, there are three brown dwarf companions, one for HN Peg (Luhman et al. 2007 ) and a brown dwarf binary companion to MN UMa (Bouy et al. 2003) . These brown dwarfs are listed in Tables 9 and 10 but are not counted separately. Furthermore, three membership candidates (BC Ari, HD 54371, and PX Vir) are known spectroscopic binaries. The complete census of HerLyr candidates amounts to 54 individual objects, distributed over 35 stellar systems. This work is aimed at the 48 stellar objects and does not discuss the spectroscopic binaries in detail. For more information on individual objects, please refer to Sect. 7 and Tables 9 and 10.
Photometry
Since most of the Her-Lyr members and even the late type members are sufficiently bright B − V and V − H data are available from the HIPPARCOS (Perryman et al. 1997 ) and the 2MASS catalog (Cutri et al. 2003) . These data can be compared with evolutionary models. The late-type companions may contribute important information to a photometric age estimation, based on evolutionary models since late-type stars arrive later on the main sequence than early-type stars. We have chosen the models by Baraffe et al. (1998) , Yi et al. (2001) (Fig. 7) , and VandenBerg et al. (2006) (Fig. 8) . Giving a good representation of the main sequence in the regime of solar-type stars, the models disagree for late-type stars. Examining Fig. 7 (a) gives very limited insight into the age of the association. Most membership candidates are located on the zero age main sequence (ZAMS), the late end being at spectral type K7 to M0. So from Fig. 7 (a) alone, it can be concluded that the Her-Lyr association is 40 Myr old. Figure 7 (b) on the other hand shows the M dwarfs of the sample. Most of them are companions of brighter Her-Lyr stars. All stars except two down to M1 are located on or near the ZAMS of the Baraffe isochrones. The five mid-to late-M stars of the sample are only visible in Fig. 7 (b) . Only the Baraffe et al. (1998) isochrones are extended to their mass range, implying a young age for all five. Figure 8 shows the model grid of VandenBerg et al. (2006) intended to fit the ZAMS and the evolution of stars for a wide range of masses and ages. The isochrones of these models indeed coincide with most of the Her-Lyr candidates. For this figure, we calculated the bolometric magnitude using the corrections given in Kenyon & Hartmann (1995) . The bolometric correction is given in Table 10 . Table 9 , the system seems to be older than the Her-Lyr association implying an inconsistency between evolutionary models and other age indicators. -The A7 VpSrCrEu star α Cir, visible in Fig. 7 (a) , is either very young (< 10 Myr) or very old (∼ 1 Gyr) as it is located close to the intersection of both isochrones. It is the brightest rapidly oscillating Ap star and was studied in detail by Bruntt et al. (2009) . In Fig. 8 , α Cir is located exactly on the 1 Gyr isochrone suggesting that this object might be older than Her-Lyr but not a member. The absence of isochrones younger than 0.2 Gyr implies that a very young age for α Cir cannot be ruled out. If it is not a member of the Her-Lyr association, its companion LTT 5826 is also not a member. Baraffe et al. (1998) , optimized for late-type stars and brown dwarfs. The V − H color index is used for the late-type stars. The photometry is taken from the HIPPARCOS catalog (Perryman et al. 1997) , 2MASS (Cutri et al. 2003) , and other catalogs if HIPPARCOS data were not available (Ochsenbein et al. 2000) . The full list of references is given below Table 9 . According to Table 11 , stars denote probable Her-Lyr members, circles denote uncertain members, and squares denote non-members. In the case of stars shown without error bars, uncertainties were not given in the corresponding catalog. For conversion from apparent to absolute magnitude, we used the revised parallaxes from van Leeuwen (2007) . For faint companions, we adopted the parallax of the primary. In fact, evolutionary models cannot be used to rule out nonmembers or to estimate the association's age. This is partly caused by measurement inaccuracies and the density of the isochrones near the ZAMS, and partly by the fact that a valid representation of equally aged stars from late M-dwarfs to A stars is still difficult to determine from stellar evolution theory.
Youth indicators
The most obvious evidence of a young Her-Lyr association is the concentration of late-type fast rotators in kinematic space. Given the volume-completeness by Fuhrmann (2004) and the absence of any pre-selection, this is an unbiased view. Therefore, this concentration in kinematic space provides a solid starting point to critically review Her-Lyr membership. In this work, all kinematic candidates (Gaidos 1998; Fuhrmann 2004; López-Santiago et al. 2006; Fuhrmann 2008) are revisited without any pre-selection based on lithium, activity, or photometry. The strategy is to study the distribution of these properties of all kinematic candidates. A population of young stars will stand out clearly in this distribution. In particular, this is expected for the rotational velocities since these gave rise to the notion that the concentration in kinematic space is a group of relatively young stars (Fuhrmann 2004) . Figure 9 compares the Li equivalent widths of all candidates to the distribution of the Pleiades, UMa, and the Hyades. The upper envelope of the Pleiades is taken from Neuhäuser et al. (1997) while the lower envelope is obtained from Soderblom et al. (1993) . The UMa data are adopted from Ammler-von Eiff & Guenther (2009) providing a homogeneous analysis. The Hyades region originates from Soderblom et al. (1990) . The colors given by Soderblom et al. (1993) and Soderblom et al. (1990) are converted to effective temperatures using the scales of Bessell (1979) and Bessell (1991) . The comparison is limited to effective temperatures above ≈ 5000 K since lithium measurements are not available for the cooler Her-Lyr candidates. The data of the Her-Lyr candidates form two distinct groups. One group displays lithium absorption at the level of the Pleiades and the UMa group while the other group does not show any significant lithium absorption.
The lithium equivalent width
Excluding the lithium-depleted stars, the Her-Lyr candidates show at least as much lithium as the UMa group but not more than the Pleiades, indicating that they are young stars with an age not very different from the Pleiades and the UMa group. The age of Her-Lyr without the Li-depleted candidates is therefore similar to UMa, or between Pleiades and UMa and younger than the Hyades. . Lithium equivalent widths of Her-Lyr candidates compiled in this work (circles) compared to the areas populated by the Pleiades (gray, Neuhäuser et al. 1997; Soderblom et al. 1993) and Hyades (dark gray, Soderblom et al. 1990 Barnes (2007) Barnes ( Notes. The last row gives the applicable range of (B − V).
Rotation
It is well known that stellar rotation slows down as a star becomes older. However, this effect varies with stellar mass and radius as well as with starting conditions, accretion history, and disk life time. Therefore, it is possible to roughly estimate the age of a single main sequence star from its rotational period by taking into account its spectral type or its B − V color. An empirical relation was found by Barnes (2007) and was improved by Mamajek & Hillenbrand (2008) and Mamajek (2009) 
with t being the age in millions of years and P the rotational period in days. The sets of parameters for Eq. 2 are summarized in Table 6 . In the analysis described in the following, we use either the more recent values of Mamajek (2009) In the gray data, rotational periods assessed from v sin i measurements are included. From these measurements, a lower limit of the rotational speed is derived, leading to an upper limit of the gyrochronological age. In the top panel, the age is displayed on a linear scale, emphasizing the existence of a young concentration of 11 stars (18 including upper limits). In the lower panel, the age is plotted logarithmically to illustrate that the concentration of young stars consolidates with six (eight) stars with similar age. The binning of the histograms employs the Freedman-Diaconis rule (Freedman & Diaconis 1981) .
not applicable to mid-and late-M dwarfs as these form a fully convective envelope leading to a different rotational behavior.
In principle, the rotational period can be derived in two ways. The direct way is to observe a photometric light curve. If periodic brightness variations caused by star spots are observed, the photometric periodicity is a direct measure of the rotational period. A possible complication might be the observation of multiples of the rotational period if several spots are located at unfavorable stellar longitudes.
On the other hand, the broadening of sufficiently resolved spectral lines gives a measure of the rotational velocity, but multiplied by the sine of the inclination. The rotational period then is P/ sin i = 2πR/v sin i with the stellar radius R. This introduces an additional uncertainty. We use the photometric period, if available, or the spectroscopic period. In cases where both are available, we confirmed that the differences are generally small.
Photometric rotational periods are available for 16 HerLyr candidates with spectral types F, G, and K (see Table 9 ). Figure 10 shows the distribution of the ages derived for these 16 stars in linear and logarithmic scale. It can be noticed that there is a pronounced peak of stars at ∼ 250 Myr which we identify with the concentration of rapidly rotating young stars in the UV diagram noticed by Fuhrmann (2004) . This peak is significant at the 2σ-level in the linear plot and significant in the logarithmic plot ( Fig. 10 and Table 7 ). While older intruders can be clearly separated from the Her-Lyr association, there are four to six younger stars whose membership cannot be conclusively determined.
Measurements of v sin i were found for 13 additional stars. These measurements give an upper limit to the gyrochronological age. The full sample of 29 stars with gyrochronological age estimates is shown in gray in Fig. 10 . Including these additional members, the Her-Lyr association becomes even more pronounced. Most of the measurements indicate an association with an age of approximately250 Myr while it is not clear whether the large spread is an intrinsic property of the association or whether it reflects the uncertainty of the gyrochronology. In addition, the sample is contaminated by old intruders. There are five stars that clearly show longer rotational periods and that are significantly older. From Table 9 it can be determined that these are the stars that also have very small lithium equivalent widths or are even lithium-depleted. While V538 Aur and MN UMa show Li abundance and rotation speed similar to the Hyades, V382 Ser, 39 Tau, and LW Com might be ordinary field stars, sharing the kinematics of Her-Lyr by chance. The individual ages of stars in Table 9 should be considered with care.
Chromospheric activity
Since the late-type Her-Lyr members are young and rotate rapidly, measurable chromospheric activity is expected. Chromospheric activity is commonly assessed from emission in the cores of the Ca II H&K lines. The R ′ HK index is corrected for photospheric flux contributions and allows one to compare the level of activity independent of spectral type. Figure 11 displays R ′ HK measurements of Her-Lyr candidates taken from the literature (Table 9 ) and compares to the activity levels of the Pleiades, the UMa group, and the Hyades (Mamajek & Hillenbrand 2008) .
The distinction of the activity levels of the Pleiades, UMa, and the Hyades is not very clear as the distributions of R ′ HK strongly overlap. Therefore, linear fits were obtained to get the mean level of activity. The standard deviation of the fits qualitatively indicates the relative width of the distributions. Individual data points are only shown for the Her-Lyr stars which can be compared to the average level of the Her-Lyr members according to Table 11 (gray filled area). The difference of the average relations is less than the total widths of the distributions. Fig. 11 shows that for each association, the average levels of activity increase with color and are higher with younger average age of the respective association. Furthermore, the width of the distributions decrease with the average age of the respective association.
The Her-Lyr relation is in between the Pleiades and the UMa relations regarding both the average activity level and the width Table 9 ). The symbols have the same meaning as in Fig. 9 . The filled areas represent mean levels derived from the distributions of the Pleiades (horizontally hashed), Her-Lyr (gray), UMa (hashed), and the Hyades (vertically hashed). The widths are due to the uncertainty of the coefficients of the linear fits.
supporting a young age of the Her-Lyr association between the age of Pleiades and UMa.
Among the kinematical Her-Lyr candidates, stars are identified above which display high levels of Li absorption and short rotation periods (Fig. 9 ) unlike another group of purportedly older stars. The distinction is not as clear in terms of chromospheric activity. The older and younger objects widely overlap. This finding does not weaken the evidence of the two different groups identified since the activity distributions of the Pleiades, the Hyades, and the UMa group strongly overlap as well.
We note, however, that the least active Her-Lyr candidates (HD 4915 and HD 207129) show activity levels similar to the less active Hyades members and are not among the rapid Li-rich rotators. these rotators are located above the mean Hyades relation, except for HD 166 which also displays the least Li equivalent width among the gyrochronologicalally young and Li-rich stars.
Similar to the gyrochronology, the chromospheric activity index can be used in a logarithmic fit to derive an age -activity relation for main sequence stars. Mamajek & Hillenbrand (2008) 
where t is the age in years and R ′ HK is the chromospheric activity index. The equation is appropriate between −4.0 > R ′ HK > −5.1. A similar histogram to the one in Fig. 10 is depicted in Fig. 12. Treating HD 207129 and G 270-82 as old intruders, the evaluation of the logarithmic plot reveals an average age of approximately 285 Myr for the subsample of Her-Lyr candidates with measured activity level. The average age is in good agreement with that derived from the rotational period.
X-ray luminosity
Young, late-type stars often show X-ray emission connected to coronal activity, making the X-ray luminosity function a tool for age investigation. We convert count rate R and hardness ratio from the ROSAT All-Sky Bright Source Catalog (Voges et al. (Schmitt et al. 1995) with the hardness ratio HR1. We obtained upper limits for undetected Her-Lyr and UMa stars from the ROSAT All Sky Survey (RASS) data using XIMAGE 2 . Upper limits on R are converted to upper limits on luminosity L X by a median ECF of 6 × 10 −12 erg · cm −2 · counts −1 . The X-ray fluxes were transformed into luminosities via the stellar distances taken from van Leeuwen (2007) . For many stars in our sample, this was already done by other authors (e.g. Pizzolato et al. 2003; López-Santiago et al. 2009 ). We repeated the analysis for consistency. In addition, we took X-ray luminosities and upper limits for the Pleiades and Hyades from the WEBDA database (Mermilliod 1996) . We calculated the Kaplan-Meier estimator (Meier 1958 ) for right-censored data following the procedure outlined in Feigelson & Nelson (1985) to create an empirical cumulative distribution function. The result of this calculation is shown in Fig. 13 .
From Fig. 13 we can conclude that the Her-Lyr association is younger than the Hyades. Apparently, the X-ray luminosity is comparable to the Pleiades. The Ursa Major association includes a few very active stars, statistically comparable to the Hyades. On the low activity end, the Ursa Major association appears more Pleiades like. The Ursa Major group is therefore younger than the Hyades and older than the Pleiades and (as follows from the comparison of X-ray luminosity alone) also older than Her-Lyr.
Then, we also estimated the L X over L bol luminosity ratio for those of our objects for which distance and X-ray luminosity are known. We estimated the bolometric luminosity as usual from Vband magnitude, bolometric correction (from spectral types fol-2 XIMAGE is provided by the HEASARC X-ray archive. Fig. 13 . X-ray luminosity function of the Pleiades, Hyades, Her-Lyr (asterisks), and Ursa Major (squares). The logarithm of the luminosity measured by ROSAT is displayed with respect to the Kaplan-Meier estimator (Meier 1958; Feigelson & Nelson 1985) as an empirical cumulative distribution function of the X-ray luminosity. The X-ray data of the Pleiades and the Hyades was taken from the WEBDA database (Mermilliod 1996) . For the Ursa Major and Her-Lyr stars, data from the ROSAT All-Sky Bright Source Catalog (Voges et al. 1999 ) and the Second ROSAT PSPC Catalog (Rosat Consortium 2000) was used. Ursa Major members were taken from the rather comprehensive study of King et al. (2003) . Notes. 3σ upper limits on count rate and luminosity are given.
lowing Kenyon & Hartmann 1995) , and distance. We then plotted the ratio of L X to L bol vs. the B − V color in Fig. 14 . We compare our objects with the Hyades and Pleiades as plotted in Maldonado et al. (2010, Fig. 8 ). Our Her-Lyr objects are located in between the Pleiades and Hyades and are quite similar to the LA objects studied in Maldonado et al. (2010) . Hence, the age of Her-Lyr is in between the ages of the Pleiades and the Hyades in agreement with our other approaches presented here. 
The youth of the Her-Lyr association and canonical members
It can be concluded that the age indicators give results which are in line with earlier estimates (Fuhrmann 2004; López-Santiago et al. 2006 ). The seven stars (V439 And, EX Cet, EP Eri, DX Leo, HH Leo, PX Vir, HN Peg) showing similar rotational periods, similar lithium equivalent width, and comparable space velocity can be used to define the properties of the Her-Lyr association. They are identified with the stars which make up the concentration of fast rotators in UV-space found by Fuhrmann (2004) and studied by López-Santiago et al. (2006) . They comprise three of the five stars which initially defined the Hercules moving group (Gaidos 1998) : V439 And, DX Leo, and HN Peg. The other two stars, MN UMa and NQ UMa, share the same space motion but have been discarded because they seem older than the other stars as is indicated by lithium equivalent width or gyrochronological age. Some objects that were adopted canonical members are doubted by Fuhrmann (2004) : EP Eri, DX Leo, and PX Vir. However, the evidence collected in this section that these three objects belong to the canonical members which form a physically associated group of stars is very convincing.
Kinematics
Using the canonical list of seven stars we can now redefine the average UVW velocity of the association. Space velocities are taken from Montes et al. (2001) . Figure 15 displays the VU plane of kinematic space. In addition to the Her-Lyr candidates, other associations are displayed. We restrict this evaluation to stars within 25 pc to reach volume completeness. The space velocity of Her-Lyr is similar to the LA so that there is controversy about whether the Her-Lyr association does exist as an individual entity or, rather if it is a part of the LA (Fuhrmann 2004; Maldonado et al. 2010) . Taking the mean and the standard deviation of the seven canonical members, the space velocity of Her-Lyr is U = (−12.41 ± 3.725) km s with a standard deviation of (σ U , σ V ) = (2.45, 1.61) km s −1 . As they note, this deviation is smaller than that of other coeval MGs like Ursa Major. The dispersion in W is σ W ≈ 3.4 km s −1 and compares well to our value.
Except for 39 Tau, all rejected candidates concentrate in a specific region in the UV-diagram of Fig. 15 . This could be a trace of an older stellar stream. The galactic V velocity of this stream would then be in between that of Her-Lyr and IC 2391 while the U velocity is similar to Her-Lyr.
Notes on individual stars
84 Cet = HD 16765: The binary status of 84 Cet was discovered photographically by The (1975) . The separation of 4.
′′ 01 and a position angle of 306
• have both been measured by HIPPARCOS. However, Raghavan et al. (2010) published an updated value of separation of 3.
′′ 3, yielding a projected distance of 74.5 AU between secondary and primary. A spectral type of K2V is estimated from photometry for the secondary. Although this binary has been known for almost three decades, the properties of the secondary are not well-known at all.
BC Ari = HD 17382: This is a spectroscopic binary with an orbital solution giving an orbital period of 16.8 ± 2.2 yr (Latham et al. 2002) ,3,4,5,6,8,9,10,11,16,23,25,30,31,33 11. 1E 0318-19.4 . 2, 3, 4, 5, 7, 8, 9, 13, 15, 16, 23, 24, 25, 27, 30 References.
(1) Henry et al. (1996) ; (2) Gaidos (1998) Notes. The names in the first column represent the SIMBAD name, in the second column the HD or HIP name is given. Spectral type, mass, effective temperature, lithium equivalent width, calcium HK index R ′ HK , and age derived from chromospheric activity are presented as used in Sect. 5. The ages are calculated using the chromospheric activity index and gyrochronology (this work). All other values are taken from the literature. Brown dwarf companions are further denoted by the primary star's number, followed by a small letter, starting with 'a'. Spectroscopic binaries have a "(SB)" after their name in the first column. All companions are indented. ¶: based on v sin i = 13.97 km s −1 (Martínez-Arnáiz et al. 2010), this object might be very young ( 46 Myr); * : the double period is published as well, leading to an age of 425 Myr; †: a second period of 8.25 days is published, leading to an age of 740 Myr; §: Possibly the result of a stellar merger (Fuhrmann 2008) ; # : Conversion from Li abundance to equivalent width (Soderblom et al. 1993 ) reveals very small values, which are consistent with zero 39 Tau = HD 25665: A single epoch observation of a companion at 0.
′′ 216 is reported (McAlister et al. 1993 ), but this is contrasted with a constant radial velocity.
V538 Aur = HD 37394: V538 Aur is a K1 star at 12.2 pc. It is moving southward at 0.
′′ 5 per year. At a distance of 98 ′′ and a position angle of 71
• (Woolf & Wallerstein 2006) , the M0.5 star LHS 1775 (= HD 233152) moves with the same proper motion ( Fig. 2a and Eggen 1956) . It is surprising, however, that López-Santiago et al. (2006) classified LHS 1775 as a Her-Lyr member while V538 Aur was excluded. Our analysis shows that according to lithium and rotation, this system is too old to be a Her-Lyr member. Adopting approximate photometric masses M A = 0.75 M ⊙ and M B = 0.45 M ⊙ , assuming circular orbits, and neglecting projection effects, the system has a semi-major axis of a ≈ 1200 AU and an orbital period of T ≈ 37 000 yr. References. Notes. Object names follow the same conventions as in Table 9 . Distance is given in the subsequent column, followed by the BVH photometry used in Sect. 4. Hipparcos distances are available for most of the objects and have been adopted from van Leeuwen (2007) . The UVW velocity data occupies the next three columns. All values are taken from the literature. Separation and position angle of the companions are given in the UVW columns. The canonical members are written in bold face.
HD 54371: The photometric and kinematic analysis of HD 54371 suffers because this object is a spectroscopic binary with a period of 32.81 days (Beavers & Salzer 1985; Raghavan et al. 2010 ). The companion is a K dwarf with a magnitude difference of ∆m = 2 mag or more. The primary has a spectral type of G8 and had previously been classified a Her-Lyr candidate member even though the lithium feature is not that prominent (Fuhrmann 2004 ).
HD 70573: Setiawan et al. (2007) reported a planet candidate with a mass of m sin i = 6.1 ± 0.4 M Jup at a semi-major axis of 1.76 ± 0.05 AU and ∼ 850 days orbital period using the radial velocity technique. The planet has a comparably large eccentricity of e = 0.4 ± 0.1. It is one of the few radial velocity planets discovered in orbit around an apparently young star.
DX Leo = HD 82443: The K0 star DX Leo at 17.7 pc forms a common proper motion pair with the M5.5 star GJ 354.1 B (Gaidos 1998) . Using POSS-I, POSS-II, 2MASS and additional Calar Alto 3.6 m Ω-Cass images we confirmed the companion GJ 354.1 B astrometrically and photometrically at a separation of 65 ′′ and a position angle of 67 • (Fig. 2b) . Using the photometric masses M A = 0.84 M ⊙ and M B = 0.21 M ⊙ this translates into a linear separation of a ≈ 1160 AU and a period of T ≈ 38 400 yr (e = 0 assumed).
HH Leo = HD 96064: The multiplicity of HH Leo was investigated by Heintz (1980) . The object, located at a separation of 11" (a ≈ 244 AU, T ≈ 3378 yr) was later found to be a binary , i.e. the whole system is a hierarchical triple (Fig. 4) .
MN UMa = HD 97334: At a separation of 90 ′′ at 245
• , Kirkpatrick et al. (2001) discovered a L4.5 companion (GJ 417 B). Common proper motion was proven using the 2MASS catalog. This object is too red and too faint to be visible on Schmidt plates so we missed it in our analysis. Later, Bouy et al. (2003) resolved this brown dwarf companion into a binary using HST WFPC2. They report a separation of 70 mas or 1.9 AU and a magnitude difference of ∼ 1 (see also Raghavan et al. 2010) .
HR 4758 = HD 108799: This object might be an example of a former stellar merger (Fuhrmann 2008) . This idea arises from the fact that this star has all indicators of a young object (rotation, lithium, Hα, etc.) but looks like an old object on evolutionary tracks. From its kinematics, however, a Her-Lyr membership cannot be excluded. It has a K-dwarf companion with 0.7 M ⊙ at a separation of ∼ 2 ′′ and the orbital period is estimated to be P = 151 yr (Fuhrmann 2008) .
HIP 63317 = HD 112733: The G5 star HD 112733 forms a common proper motion pair with its neighboring twin, the G6 star HIP 63322. Halbwachs (1986) discovered this pair with a projected separation of a = 807 AU giving a period of T = 17 124 yr if the projected separation is close to the semi-major axis. Given the differences in parallax and proper motion which are slightly larger than the corresponding uncertainty, it is not clear however whether these two stars are bound.
PX Vir = HD 113449: This is a stellar binary. Various photometric and spectroscopic measurements were taken (Moore & Paddock 1950; Gaidos et al. 2000; Latham et al. 2010) . A photometric period of 231 days and radial velocity changes of 20 km s −1 were observed. The companion was resolved in 2007 with a brightness difference of ∆H ∼ 1.6 mag, a separation of 35.65 ± 0.6 mas, and a position angle of 225.2 Raghavan et al. 2010) . Astrometric and spectroscopic measurements are consistent.
α Cir = HD 128898: α Cir is the brightest star in the Circinius constellation. Being a nearby late A-type star, it is too bright for analysis via Schmidt plates. In addition, it shows astroseismic variations as studied in detail by Bruntt et al. (2009) . The K5 star LTT 5826 is located at the same distance, thus it is probably a wide companion of α Cir. This companion candidate was considered a Her-Lyr candidate by López-Santiago et al. (2006) while α Cir remains unattended in their work.
LTT 14623 = HD 139777 and LTT 14624 = HD 139813: The well-known common proper motion pair was first mentioned by Stephenson (1960) . With spectral types of G0 and G5, both are solar analogs. The upper limits on the age derived via v sin i measurements are, however, insufficient to confirm a probable HerLyr membership. Currently, their linear separation is ∼ 680 AU corresponding to an orbital period of T ≈ 13 000 yr in case of a circular orbit.
V382 Ser = HD 141272: Eisenbeiss et al. (2007) confirmed that the object ≈ 18 ′′ north of V382 Ser is a co-moving companion using Schmidt plates, Ω-Cass images (Fig. 2c) , the 2MASS catalog as well as EMMI/NTT spectroscopy. Spectroscopy indicates a spectral type of M3 and a mass of ∼ 0.3 M ⊙ (Eisenbeiss et al. 2007 ) for the companion (see also Raghavan et al. 2010) .
HN Peg = HD 206860: Luhman et al. (2007) discovered a T2.5 dwarf companion using Spitzer IRAC and confirmed the common proper motion using the 2MASS catalog. In the archival Schmidt plates, the object is not detected. However, we imaged the companion with ALFA (see Fig. 3 ). At a mass of 0.021 M ⊙ (Luhman et al. 2007) , this is the least massive directly detected member of the Her-Lyr association (see also Raghavan et al. 2010 ).
V368 Cep = HD 220140: This G9V star is probably the youngest Her-Lyr candidate in our list. Since it was not in the initial sample of Fuhrmann (2004) , it was also not considered by López-Santiago et al. (2006) . The kinematics make it a good candidate for the Her-Lyr association although new lithium equivalent widths (López-Santiago et al. 2010 ) and photometry of the star and its companions suggest a somewhat younger age (12-20 Myr, see Raghavan et al. 2010 and Makarov et al. 2007 ). The gyrochronology suggests ∼ 50 Myr. The celestial location co-incides with the Cepheus-Cassiopeia complex and a group of four co-moving isolated T Tauri stars identified by Guillout et al. (2010) . They argue, however, that the proper motion and the distances rule out a common origin with V368 Cep and its companions. The brighter companion, NLTT 5632, at a separation of 10 ′′ , shows common proper motion with the primary and its photometry yields a spectral type of early M at the primary's distance (Raghavan et al. 2010 ). The second companion, NLTT 56725, at 16 ′′ separation is a late-M dwarf which was discovered by Lépine & Shara (2005) and later confirmed by measuring the parallax (Makarov et al. 2007 ). This star is overluminous in the K s band, again indicating a young age of the system.
All directly detected companions outside 10 AU are listed separately in Tables 9, 10, and 11.
Discussion
Tables 9 and 10 summarize all properties of Her-Lyr candidates used in this analysis. In the following, our conclusions regarding age, membership, and multiplicity statistics are presented. Quantitative membership criteria are developed as far as possible.
López- Santiago et al. (2006) already noted that isochrone fitting fails to give tight constraints on the age of the association. The stars are simply too old and most of them have reached the main-sequence. We have searched for late-type companions to Her-Lyr candidates to obtain some improvement on that issue. Late-M stars may still be contracting and provide a possibility of deriving an association age via theoretical isochrones. However, our analysis shows that either the models themselves or the calibration of observables (color and magnitude) lacks precision at the late-type end. We suspect that the problems occur because M dwarfs become fully convective around spectral type M3-M4.
The isochrone method fails to derive an age estimate for the HerLyr association. Alternatively, the late-M stars in question (especially the companions to V368 Cep) may indeed be very young.
From the list of candidates, selected via space velocity, we were able to identify seven canonical members using gyrochronology and lithium equivalent width. These members define the properties of the association hence the average gyrochronological age of the Her-Lyr association is (with 1σ error bars) age = 257 ± 46 Myr.
The youth of the Her-Lyr association is confirmed by the X-ray luminosity function, the L X /L bol ratio, the analysis of lithium equivalent width, the R ′ HK index, and the age derived from chromospheric activity. The activity-age relation used here ignores spectral type or color hence should be used with care when looking at individual ages. The average overall candidates (∼ 285 Myr), however, coincides with the gyrochronological age. The Her-Lyr association is at least as old as the Pleiades and younger than the Hyades. There are some hints that an age similar to Ursa Major can be assumed.
The canonical member list is identified in Sect. 5.5 and is composed of the young lithium-enriched stars in Based on the average properties derived from the canonical list of members, three membership criteria are defined in order to establish membership of additional candidates:
1. The U and V velocities must not deviate by more than 2 σ from the mean U and V velocities of the association (Eq. 5). 2. The lithium equivalent width of a Her-Lyr candidate should be as least as high as for an UMa member of the same effective temperature (applicable above 5000K). 3. Chromospheric activity should not be significantly below the mean levels of the Hyades and UMa in Fig. 11 . As the calcium R ′ HK index is a very uncertain criterion, we use it as a supporting argument. 4. The gyrochronological age should be within 2 σ of the mean gyrochronological age of the association (Eq. 6).
These criteria are applied to each candidate. The results are given in Table 11 . Given our definition of Her-Lyr like kinematics (Eq. 5) and age (Eq. 6), we give the deviation (in σ) for each candidate in Table 11 . We consider a star a doubtful candidate if it has a deviation of more than two σ in one or more properties and a non-member in the case of a deviation of more than three σ. The lithium equivalent width and the chromospheric activity index R Interestingly, all doubtful candidates have a similar age too young to include them in our current list of Her-Lyr members. The and signs in Col. 6 indicate that the age was derived based on an upper limit of the rotational period, i.e., v sin i. Based on these criteria, the membership probability is qualitatively indicated by a + for a high membership probability and a o for doubtful membership. Improbable members do not fulfill at least one of the criteria and are indicated by -. In case of unavailable information or upper limits, the candidate is kept as a possible member and marked by ? ( Col. 7). For comparison, results by Fuhrmann (2004) and López-Santiago et al. (2006) are given in the last two columns. In cases of resolved multiple systems where common proper motion is confirmed (see Sects. 3 and 7), similar UVW velocity is assumed and the membership is assessed as for the primary. Canonical members are written in bold face.
The question arises whether this is another group of stars or if the age distribution is bimodal indicating that star formation did not occur as a single event in the Her-Lyr association. At present, the number of stars and the data available are insufficient to firmly answer this question.
A critical review of earlier assessments must neccesarily be done before reconsidering the member list. Therefore, the member lists of Fuhrmann (2004) Fig. 23 and discussion).
The PX Vir system is discarded by López-Santiago et al. (2006) because it was earlier classified as an AB Dor member ). It is not clear, however, to what extent the Her-Lyr association differs from the AB Dor moving group. In contrast to López-Santiago et al. (2006), we exclude stars depleted of lithium and showing excessively slow rotational behavior. Seven stars (HIP 1481, 84 Cet, HD 70573, HR 4758, NQ UMa, V447 Lac, and HD 220140) are younger than the average age of the Her-Lyr association.
The present work adds new membership criteria to the kinematic criteria in a coherent way, based on a well-defined list of canonical members and consolidates the properties and member list of the Her-Lyr association.
The multiplicity study revealed that our sample consists of 35 stellar systems, counting just the primaries, including the spectroscopic binaries BC Ari, HD 54371, and PX Vir (=HD 113449). Fithteen (42.9%) of these are multiple, including four (11.4%) triple systems and eleven (31.4%) binaries. Two stars, MN UMa and HN Peg have brown dwarf companions. Comparing this with the 25 pc volume-complete sample of Raghavan et al. (2010) , our results are consistent. However, the the small quantity of statistical data should be used with care. We note that because of the extension of the sample by López-Santiago et al. (2006) , stars outside 25 pc 3 are considered, as well as non-solar like stars. Setiawan et al. (2007) detected a planet candidate around HD 70573. To our knowledge no further planetary mass companion was found for any Her-Lyr member or candidate.
The mass function of the Her-Lyr association, when compared to the initial mass function, suffers from various selection effects and should therefore be used with care (Fig. 16) . The low mass content of the Her-Lyr association is dramatically underestimated in the MF since the census of K, M, and brown dwarfs is not at all complete. Thus, the low mass members are only represented through the companions, found close to various Her-Lyr members. Observations predict that the number of stars is given by
with the proportionality factor µ and the index 
In Fig. 16 , the MF is binned the same way as the histogram and the free parameter µ is adjusted to the star count above 3 With the re-reduction of the Hipparcos catalog by van Leeuwen (2007) , some of the stars, included in the 25 pc sample of Fuhrmann (2004) , are now located outside the 25 pc sphere (e.g., HH Leo). This necessarily leads to inconsistencies regarding the 25 pc sample. 
Outlook
In the past, the very existence of the Her-Lyr association was doubted by various authors (e.g., Maldonado et al. 2010) . At the very least, following Fuhrmann (2004) , the Her-Lyr association is an individual entity in kinematic space. Applying our selection criteria, the often-discussed heterogeneity in age and evolutionary state vanished to some extent but, a large age spread is still present. It is not clear if this is due to the uncertainties of the method these ages were derived with, or if this is an intrinsic property of the stars considered as members. However, the existence of the Her-Lyr association, as its own entity, or at least as a sub-moving-group of the LA is becoming clearer.
The Her-Lyr association displays a substantial spread in gyrochronological age and lithium absorption. If one assumes that this spread is real and intrinsic to Her-Lyr, there are important implications for the nature of this association. Although, a spread in lithium is well-known for the Pleiades which have similar age, there could also be a sub-structure in Her-Lyr which has not been resolved yet because of the small number of known members.
The Her-Lyr association could be part of the LA which is a mixture of Pleiades-like stars in the solar neighborhood (Eggen 1956 ). The unclear composition of the LA is reflected by the uncertainty of further sub-structure in Her-Lyr. The X-ray luminosity function, which is similar to that of the Pleiades, supports this idea. Future work clearly needs to address the relationship of Her-Lyr with other local moving groups (e.g., AB Dor, , SACY, Torres et al. 2006 and to show in detail whether the local moving groups are different from Her-Lyr.
Recently, a self-consistent study of the UMa and Hyades clusters revealed that the UMa association could be only about 100 Myr younger than the Hyades (King & Schuler 2005 , but also see Fuhrmann 2004), i.e., significantly older than the HerLyr association. The Hercules-Lyra association could therefore be an intermediate case in between the Pleiades (which are 100 to 110 Myr old, see Meynet et al. 1993; Terndrup et al. 2000, respectively) and UMa. This impression is strengthened by the comparison of lithium equivalent width (Fig. 9) and by the average gyrochronological age of about 250 Myr derived for HerLyr. However, the spread in lithium of Her-Lyr is generally comparable to that of the Pleiades and seems to be larger than in UMa. In the future, lithium abundance needs to be studied instead of lithium equivalent widths. Stellar parameters, as well as iron and lithium abundance, have to be studied in a selfconsistent way (cf. Ammler-von Eiff & Guenther 2009).
For many candidates subject to the present work, spectroscopic information or rotational periods are missing. Additional observations are needed to obtain the missing data for these stars and to update the member list and criteria.
The distribution of non-members in the UV-space (see Fig. 15 ) possibly corresponds to a ∼ 1 Gyr old stellar stream. This has to be investigated in the future.
The mass function (Fig. 16 ) is well investigated down to ≈ 0.7 M ⊙ . This is further evidence that there is a large number of unidentified low mass stars in the solar neighborhood, as was pointed out by Fuhrmann (2004) and other studies before.
Hercules-Lyra is an interesting laboratory for astrophysics. Similar to the Hyades, UMa group, and other local moving groups, the members are bright so that even late-type members can be studied in detail. The Her-Lyr association provides an important additional snapshot in the rotational and Li evolution of young stars. The stars are close so that companions can be resolved and common proper motion can be assessed quickly. Low-mass companions are particularly interesting since they possibly have not yet reached the main-sequence or might even be brown dwarfs at a very early cooling stage. The multiplicity study presented in this work contributes to the total stellar census of young moving groups.
